The detailed characterization of nitride inclusion particles formed in the commercial purity Al melt has been carried out using advanced analytical electron microscopy assisted with pressure melt filtration and focused ion beam sample preparation techniques. It is found that the nitride inclusion particles have short rod-like morphology with an average length of 375 nm and an average width of 104 nm. Moreover, these nitride particles are identified to be hexagonal wurtzite AlN particles with the most close-packed plane, {0001}, as the exposed broad plane. Based on the crystallographic information, the potency of AlN as nucleation substrate for a-Al grain has been theoretically estimated from the lattice matching point of view. It is revealed that the interatomic spacing misfit along the close-packed directions on the close-packed planes between AlN and Al is 6.66 pct, indicating relatively strong potency of AlN as nucleation substrate for a-Al. However, it is suggested that AlN particles would rarely be involved in the nucleation and initiation of a-Al grains when competing with other oxide and boride inclusion particles normally present in the Al melt because AlN particles have larger misfit with Al, comparable or even smaller size, and lower number density than oxides and borides.
I. INTRODUCTION
THE formation and entrainment of inclusions in Al alloy melts is inevitable during melting and casting processes due to the interactions with environment and atmosphere. Under normal conditions, these inclusions exist in the form of particles, films, and clusters/ agglomerates and are considered as defects affecting the production of Al alloys and detrimental to the performance of final products. It is found that inclusions are often associated with the casting defects such as porosity, hot tearing, and cracking process and lead to poor strength, ductility, machinability, and corrosion resistance of the castings. [1] Therefore, enormous effort has been devoted to the maximum reduction of inclusions from the melt prior to casting. By far, a number of methods including flotation, filtration, sedimentation, and centrifugal and electromagnetic separation have been proposed to remove inclusions from the Al melt. [2] [3] [4] Recently, however, it has been demonstrated that the inclusions can be uniformly dispersed throughout the volume of melt and be positively used as nucleation substrates for the matrix phase or other primary solid phases via special melt treatment such as intensive melt shearing [5] [6] [7] [8] [9] and high-intensity ultrasonication [10, 11] in Al and Mg alloys. Such dispersed inclusion particles enhance the heterogeneous nucleation of primary solid phase during solidification and promotes the refinement of the primary solid phase which eventually improves the properties of the castings. In theory, this method of harnessing inclusions as nucleation substrates for the primary solid phase provides a sustainable and economic solution to achieve grain refinement in Al alloys and offers an opportunity for the development of closed-loop recyclable Al alloys since no extra inoculation particles are required.
From either removal or utilization point of view, it is important to obtain the comprehensive details of all the inclusions formed and entrained in the Al melt. It is now generally recognized that the major constituent of the inclusions in Al melt are the oxides. [12] [13] [14] There are mainly amorphous Al 2 O 3 , c-Al 2 O 3 , a-Al 2 O 3 , MgAl 2 O 4 , and MgO that present in the form of particles, agglomerates, and/or films depending on the specific conditions such as melt temperature, alloy composition, pouring atmosphere, and holding/handling time. The formation mechanisms, behavior in the Al melt after entrainment, morphology, and crystallography features of the oxides have been extensively investigated and are readily available in the literature. [15] [16] [17] [18] [19] [20] [21] [22] Other common inclusions include carbides, borides, nitrides, chlorides, and fluorides. [12] Among these, nitrides are one type of the inclusions that are considered as potential candidates of nucleation substrates for a-Al grains [23] and yet few details are available in the literature. It has been reported that nitrides form by the reaction between the melt and atmosphere where the partial pressure of oxygen is locally reduced due to the reaction between melt and oxygen. [21, [24] [25] [26] One typical source of such particular atmosphere is the one trapped in the double oxide film entrained in the Al melt as well described by Griffiths et al. [25, 26] Although the nitrides have been identified by X-ray diffraction (XRD) to be AlN and an acicular morphology has been observed using scanning electron microscopy (SEM), [21, 26] the essential information regarding the detailed morphological and crystallographic features is scarce. This information is prerequisite for understanding the role of nitride particles in solidification of Al alloys. One major reason for the lack of such information for these inclusion particles is their low concentration (up to 20 ppm) [12] normally present in the Al melt which imposes great difficulty to prepare proper samples for advanced characterization.
In the present work, the detailed morphological and crystallographic characteristics of the nitride particles formed in the commercial purity Al melt have been determined by using analytical electron microscopy assisted with the pressure melt filtration and focused ion beam (FIB) sample preparation techniques. Furthermore, the potency of the nitride particles as nucleation substrate for a-Al solid has been theoretically evaluated and compared with the other inclusion particles from the lattice matching point of view. In the end, the possible role of nitride particles in facilitating heterogeneous nucleation of a-Al grains and promoting grain refinement of a-Al grains is discussed.
II. EXPERIMENTAL
Commercial purity Al ingot (approximately 2 kg for each experiment) was put in a clay-bonded graphite crucible coated with boron nitride and melted inside an electrical resistance furnace at 750°C and 850°C, respectively. After being held at the corresponding temperature for around 1 hour, the melt was poured into a pre-heated filtration crucible which was then transferred to and locked in the chamber of the pressure filtration equipment (Prefil Ò -Footprinter, ABB). Following that, argon gas was introduced into the chamber to pressure the melt through the porous ceramic filter fixed at the bottom of the filtration crucible. While the melt passed through the filter, inclusions were collected and concentrated on top of the filter. As the remaining Al melt solidified, the samples were taken from the position close to the top of the filter and then mounted, grinded, and polished for examination. The details of the pressure melt filtration equipment and principles can be found elsewhere. [27] The detection of the inclusions collected in the samples was first carried out in a dual-beam (FIB and SEM) microscope (Crossbeam 340, ZEISS) equipped with an energy dispersive X-ray spectroscopy (EDS) system (Octane Elite EDS System, EDAX). Nitride particles were located via both morphology and composition analysis using the SEM and EDS at 5 kV. In order to further examine these nitride particles in transmission electron microscope (TEM), thin foil samples containing these particles were prepared in situ by FIB. The nitride particles were cut and lift out by a tungsten manipulator and transferred to the Omni lift-out copper grids which are specially designed for the TEM sample holder. After the transfer, the relatively thick (approximately 300 nm) foils on the Cu grid were further thinned using the FIB step by step to around 50 nm. The thin foils were then investigated in a JEOL 2100F TEM at 200 kV.
III. RESULTS
Before the detailed characterization of nitride inclusion particles is presented, it is necessary to mention here that, during the examination of the samples using SEM, the most-commonly found inclusion particles are oxide particles with their composition confirmed by EDS analysis. Figure 1 shows the typical oxide inclusion particles observed in the samples and the corresponding EDS spectra. This high frequency of finding oxide inclusion particles agrees with the fact that the oxide inclusions are the major constituent of the inclusions formed in the Al melts as reported in the literature. [12] [13] [14] In contrast, it required great effort to locate the nitride inclusions particles even in these samples with concentrated inclusions after pressure melt filtration.
Figures 2(a) and 2(b) show the typical nitride inclusion particles detected in the samples after the corresponding Al melt had been held at 750°C and 850°C, respectively. As we can see, most of the nitride particles display short rod-like morphology on the sample cross sections and seem quite similar to the a-Al 2 O 3 inclusion particles that were reported in the literature. [22] However, the EDS spectra (Figure 2(c) ) reveal that these particles contain high content of N and low content of O which indicates that they are not oxide particles but probably nitride particles. Note that the carbon peak of the EDS spectra is attributed to the electron beam-induced carbon deposition on the sample cross sections. The similar morphology between nitride and a-Al 2 O 3 particles may have made the previous distinction of nitride particles from a-Al 2 O 3 particles difficult based on only morphology difference using optical microscope [18, 19] or SEM without EDS analysis. Careful observation finds that some of the nitride particles display platelet morphology as circled in Figure 1 (Spot No. 2, 4, 7, and 8), implying that the morphology of the nitride particles could be platelet rather than short rod as the short rod-like morphology may only represent the morphology on the 2D cross sections. Detailed FIB-3D tomography characterization is still underway to study the possible difference in aspect ratio of nitride particles formed in the melts of different holding temperatures and the results will be published in another paper.
Based on the SEM micrographs, the length and width dimensions of the nitride particles observed in the present work were measured and the size distribution is shown in Figure 3 . It is necessary to mention that the total number of nitride particles measured was only 502 which is the sum of all the examined samples with holding temperatures both at 750°C and 850°C. This is because it was difficult to spot the nitride particles on the cross sections of samples due to the small quantity of nitride particles even though concentration had been done by pressure filtration. In addition, little difference in the size distribution could be detected between the samples of different holding temperatures in the current study and hence all the data are plotted in one figure, Figure 3 . It is clear that the size distribution of length dimension is generally in log-normal form with average length around 375 nm, while the size distribution of width dimension is more likely in the right half of the log-normal distribution with the average width around 104 nm. The peculiar size distribution of width dimension probably originates from the fact that the image analysis based on the SEM micrographs was not able to accurately measure width smaller than 100 nm. Despite the statistical limitation regarding the total number and the width measurement, it is found that the nitride particles formed in the present work are much smaller than those reported in the literature. [21, 26] This discrepancy may arise from the difference in the melting conditions, particularly the melt temperature and holding time.
As described in the experimental section, the possible nitride particles detected by SEM were cut out and thinned to foils by FIB for TEM examination. A typical dark-field (DF) scanning TEM (STEM) image of the particles and the corresponding EDS mapping are shown in Figure 4 . As we can see from the element distributions, it is manifest that the particles are rich in N with little O inside as the distribution of O element, Figure 4 (d), is roughly uniform across the whole foil sample. The peak of O in the EDS spectra obtained in SEM may come from the electron beam interaction volume that probably contains some oxide inside. This problem was avoided due to the small thinness (around 50 nm) of the foil samples. However, the electron beam-induced carbon deposition still occurred on the foil samples as shown in Figure 4 (e). Despite this, the EDS mapping confirms that the particles are nitride particles.
Although the crystal structure of nitride particles have been previously identified by XRD to be AlN with stable hexagonal wurtzite structure, [21, 26] it is still necessary to confirm the crystal structure of the nitride particles observed in the present work. This is because there is great difference in the size of the nitride particles presented in the current and previous work. [21, 26] Moreover, Griffiths et al. [28] recently reported that there are extreme conditions occurring in the interior atmosphere trapped between double oxide film and these extreme conditions may cause the formation of AlN with metastable crystal structure such as cubic zinc-blende or rock-salt structures. As a consequence, the crystal structure was further determined by selected area diffraction analysis on the nitride particles observed in the present work. In total, 30 nitride particles from samples with holding temperatures both at 750°C and 850°C have been examined. It was found that all the SADPs obtained from the nitride particles formed in both melts held at 750°C and 850°C could be consistently indexed as hexagonal wurtzite AlN. For brevity, only a typical series of selected area diffraction patterns (SADPs) at different tilting angles of one nitride particle are presented in Figure 5 . Moreover, the measured values of d-spacings agree well with the published values of hexagonal wurtzite AlN as shown in Table I . [29] In addition, it could be roughly deduced that the exposed broad plane of the AlN particles is the {0001} plane by overlapping the BF TEM image and the diffraction pattern at the same beam directions such as 2 1 10 Â Ã direction. In order to further determine the crystallographic plane of the exposed broad plane of the AlN particles, high-resolution (HR) TEM images were taken on the AlN particles. Figure 6 shows the HR TEM images of two representative AlN particles. Based on the measured d-spacing of the lattice plane, it is found that the exposed broad plane of the AlN particles belongs to the {0001} plane. This is consistent with the common crystal growth theory [30] that the crystal is often bounded by the slowest-growing crystallographic plane which normally is the densest crystallographic plane due to the atomic attachment kinetics. In the case of hexagonal wurtzite AlN, the densest and hence the slowest-growing crystallographic plane is the {0001} plane according to the crystal structure and atomic positions. [29] In summary, the TEM results substantiate that the nitride inclusion particles formed in the present work are the hexagonal wurtzite AlN particles with {0001} plane as the exposed broad plane.
IV. DISCUSSION
It is widely accepted that good crystallographic matching between the substrate and the nucleating solid favors the formation of a low-energy interface between them and hence can initiate the heterogeneous nucleation at small undercooling, indicating strong potency of the particle as nucleation substrate for the nucleating solid. Therefore, the potency of AlN particles as nucleation substrate for a-Al grain can be theoretically evaluated by calculating the crystallographic matching between them. In fact, an attempt to estimate the crystallographic matching between AlN particles and Al had been recently made by Liu et al. but a cubic crystal structure of AlN was used in their calculation. [31] This is different from the AlN particles in the present work that have hexagonal wurtzite crystal structure as experimentally determined in the above section. Figure 7(a) shows the atomic configuration on the exposed broad plane, (0001), of hexagonal wurtzite AlN. It is necessary to point out that the Al atoms and N atoms are not exactly on the same plane as N atomic plane are actually 0.0587 nm below the Al atomic plane with the same arrangement. For simplicity, only the Al atomic plane will be considered in the following calculation. Furthermore, the exposed (0001) plane of AlN is the most close-packed plane which contains the most closepacked direction h2 1 10i. It is noticed that the atomic configuration on (0001) AlN plane is similar to the most close-packed plane of Al, (111) Al , as presented in Figure 7 (b). The detailed crystallographic data of AlN, Al, and other common oxide and boride phases are listed in Table II . [22, 29] Based on the data, the interatomic spacing misfit, f r , along the most close-packed directions and the interplanar misfit, f d , of the most close-packed planes between the particles and Al can be calculated using the following equations [32] :
where r Al and r P are the interatomic spacings along the most close-packed direction, while d Al and d p are the interplanar spacings of the most close-packed plane of Al and particles, respectively. Note that the r P and d p are chosen for the denominators for calculation as explained by Qiu et al. [32] As we can see in Table II , all the values of the calculated interatomic spacing misfit, f r , between Al and the particles are smaller than 7 pct, indicating they are all potent nucleating substrates for a-Al grains, i.e., can initiate heterogeneous nucleation of a-Al grains at small undercooling. However, it is found that AlN has the largest interatomic spacing misfit with Al compared to other common oxides and borides present in the Al melts, implying that AlN would be the last one to start the heterogeneous nucleation since it requires larger undercooling when competing with other inclusion particles from the crystallographic matching point of view. In addition to the crystallographic matching, the size of the substrate particles also plays a critical role in the initiation of a-Al grains according to the free growth model. [34] It proposes that the bigger the substrate particles are, the more potent they are. From this perspective, however, AlN particles are still unfavorable because the AlN particles (length dimension on submicron scale with average size around 0.375 lm = 375 nm, Figure 3 ) observed in the present work have comparable or even smaller size with the oxides (submicron scale) [22, 35] and borides (submicron scale with average particle size around 0.67 to 0.72 lm = 670 to 720 nm) [34, 36] reported in the previous studies. Furthermore, it has been reported by Simensen and Berg [12] that the amount of nitrides (3 to 12 ppm) is similar to that of oxides (6 to 16 ppm) in commercial Al. Considering that nitride particles also have similar size, morphology, and density with oxide particles, they should have similar number in commercial Al. However, it was noticed that the chance of spotting AlN particles was much lower than spotting oxide particles during the examination of the samples in the present work, implying that the number density of AlN particles is probably much lower than that of oxide particles in the present work. The reason for this still requires further investigation. Nevertheless, the low number density of AlN particles observed in the present work further reduces the possibility of them acting as nucleating substrates for a-Al grains during the solidification of Al melt in which other inclusion particles including oxide particles also exist. From the above discussion, it is concluded that the AlN particles naturally formed in the Al melt have relatively weak potency as nucleating substrates for a-Al when competing with other common inclusion particles, particularly oxide and boride particles. It is hence proposed that the AlN particles can hardly be involved in the nucleation and initiation of a-Al grains during the solidification of Al melts.
V. CONCLUSIONS
The main findings are summarized as follows:
1. The nitride inclusion particles formed in commercial purity Al have short rod-like morphology with an average length of 375 nm and an average width of 104 nm. 2. The nitride inclusion particles are identified to be hexagonal wurtzite AlN particles with the most close-packed plane, {0001}, as the exposed broad plane. 3. Theoretical crystallographic matching calculation reveals that the interatomic spacing misfit along the close-packed directions on the close-packed planes between AlN and Al is 6.66 pct, which indicates that AlN particles can act as relatively potent nucleation substrates for a-Al. 4. It is proposed, however, that AlN particles would hardly be involved in the nucleation and initiation of a-Al grains when competing with other oxide and boride inclusion particles normally present in the Al melt because AlN particles have larger misfit with Al, comparable or even smaller size, and lower number density than oxides and borides. 
